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By density functional theory calculations, we predict a stable two-dimensional (2D) ferromagnetic
semiconductor Cr2Ge2Se6, where the Curie temperature T c can be dramatically enhanced beyond
room temperature by applying a few percent strain. In addition, the anomalous Hall conductivity
in 2D Cr2Ge2Se6 and Cr2Ge2Te6 is predicted to be comparable to that in ferromagnetic metals
of Fe and Ni, and is an order of magnitude larger than that in diluted magnetic semiconductor
Ga(Mn,As). Based on superexchange interactions, the enhanced T c in 2D Cr2Ge2Se6 by strain can
be understood by the decreased energy difference between 3d orbitals of Cr and 4p orbitals of Se.
Our finding highlights the microscopic mechanism to obtain the room temperature ferromagnetic
semiconductors by strain.
I. INTRODUCTION
Combining magnetism and semiconductor enables the
development of magnetic semiconductors, a promising
way to realize spintronic applications based on use of
both charge and spin degrees of freedom in electronic de-
vices [1, 2]. The highest Curie temperature of the most
extensively studied magnetic semiconductor (Ga,Mn)As
has been T c = 200 K [3], still far below room tempera-
ture. The room temperature ferromagnetic semiconduc-
tors are highly required by applications. Recent advances
in magnetism in two-dimensional (2D) van der Waals ma-
terials have provided a new platform for the study of
magnetic semiconductors [4]. The Ising ferromagnetism
with out-of-plane magnetization was observed in mono-
layer CrI3 in experiment with T c = 45 K [5]. The Heisen-
berg ferromagnetic state was obtained in 2D Cr2Ge2Te6
in experiment with T c = 28 K in bilayer Cr2Ge2Te6 [6],
where the corresponding bulk was known as a layered
ferromagnet with spin along c axis and T c = 61 K in
experiment [7]. A large remanent magnetization with
out-of-plane magnetic anisotropy was recently reported
in experiment in the 6-nm film of Cr2Ge2Te6 on a topo-
logical insulator (Bi,Sb)2Te3 with T c = 80 K [8]. The
magnetic structure in monolayer CrI3 and Cr2Ge2Te6
was recently discussed in terms of Kitaev interaction [9].
Photoluminescence and magneto-optical effects have also
been discussed [10, 11]. The ferromagnetism with high T c
was also reported in experiment in the monolayer VSe2
[12] and MnSe2 [13]. Despite the relatively small number
of monolayer ferromagnetic materials realized in exper-
iment, predicting promising candidates by first princi-
ples calculations can provide reliable reference for exper-
iments [14, 15]. Researchers have also studied possible
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2D ferromagnetic materials by machine learning [16] and
high-throughput calculations [17].
Several methods are used to control the magnetic
states in these recently discovered 2D materials. By tun-
ing gate voltage, the switching between antiferromagnetic
and ferromagnetic states in bilayer CrI3 was obtained in
experiment [18]. Using gate voltage, the enhancement
of ferromagnetism in 2D Fe3GeTe2 was observed in re-
cent experiment [19]. In 2D transition metal dichalco-
genides, which are non-magnetic, the strain is used to
modify the optical and electronics properties [20]. The
effect of strain is studied to affect the ferromagnetism
in monolayer Cr2Ge2Te6 [21] and CrX3 (X = Cl, Br, I)
[22]. The electric field effect was discussed in experiment
in magnetic multilayer Cr2Ge2Te6 [23]. Recently, het-
erostructures of these 2D materials have also been stud-
ied [24–26].
In this paper, by density functional theory calcula-
tions we predict a stable 2D ferromagnetic semiconduc-
tor Cr2Ge2Se6. We find that T c = 144 K in Cr2Ge2Se6,
which can be enhanced to T c = 326 K by applying 3%
strain, and T c = 421 K by 5% strain. On the other hand,
T c in 2D semiconductor Cr2Ge2Te6 is about 30 K in our
calculation, close to the value of T c = 28 K in recent
experiment [6]. In addition, the anomalous Hall conduc-
tivity in 2D Cr2Ge2Se6 and Cr2Ge2Te6 is predicted to
be comparable to that in ferromagnetic metals of Fe and
Ni [27–29], and is an order of magnitude larger than that
in diluted magnetic semiconductor Ga(Mn,As) [30, 31].
The strain is found to decrease the energy difference be-
tween 3d orbitals of Cr and 4p orbitals of Se, which in-
duces the enhanced ferromagnetic coupling based on the
superexchange picture. Our finding highlights the micro-
scopic mechanism to obtain the room temperature mag-
netic semiconductors by strain.
2FIG. 1. Crystal structure of Cr2Ge2Se6 of (a) top view in
a-b plane and (b) side view in a-c plane. The two-dimensional
Brillouin zone is shown in (c).
II. CALCULATION METHODS
The density functional theory (DFT) calculations are
done by the Vienna ab initio simulation package (VASP)
[32]. The spin-polarized calculation with projector
augmented wave (PAW) method, and general gradient
approximations (GGA) in the Perdew-Burke-Ernzerhof
(PBE) exchange correlation functional are used. The
spin-orbit coupling (SOC) is included in the calculations.
Total energies are obtained with k-grids 9 × 9 × 1 by
Mohnkhorst-Pack approach. The lattice constants and
atom coordinates are optimized with the energy conver-
gence less than 10−6 eV and the force less than 0.01
eV/A˚, where a large vacuum of 20 A˚ is used to model
a 2D system. The phonon calculations are performed
with density functional perturbation theory (DFPT) by
the PHONOPY code [33]. Size of the supercell is 3 × 3
× 1, where the displacement is taken by 0.01 A˚.
For the on-site Coulomb interaction U of Cr ion, the
values in range of 3 ∼ 5 eV are usually reasonable for
3d transition metal insulators [34], while a small value
of U < 2 eV was adopted in the DFT calculation of 2D
Cr2Ge2Te6 [6]. We fixed the parameter U = 4 eV in
most of our following calculations for 2D Cr2Ge2Te6 and
Cr2Ge2Se6, and will discuss the effect of different U pa-
rameters later.
Based on the DFT results, the Curie temperature is
calculated by using the Monte Carlo simulations[21, 22]
based on the 2D Ising model, where a 60 × 60 supercell
is adopted, and 105 steps are performed for every tem-
perature to acquire the equilibrium. The anomalous Hall
conductivity is calculated with Wannier90 code [35] and
WannierTools code [36].
III. CRYSTAL STABILITY
We study the stability of the 2D new material
Cr2Ge2Se6. We propose this material guided by the re-
cently reported 2D material Cr2Ge2Te6 in experiment,
and we replace Te by Se. The crystal structure of
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FIG. 2. (a) Phonon spectrum and (b) electron band structure
of two-dimensional Cr2Ge2Se6, obtained by the spin-polarized
GGA + SOC + U calculations.
Cr2Ge2Se6 is shown in Fig. 1 (a) for top view and
1 (b) for side view, where the space group number is
162 (P-31m). The structure is obtained by the fully re-
laxed calculation. The optimized lattice constant of 2D
Cr2Ge2Se6 is calculated as 6.413 A˚, which is smaller than
the lattice constant 6.8275 A˚ of Cr2Ge2Te6 in experi-
ment. It is reasonable because Se has a smaller radius
than Te. We examine the stability in terms of phonon
spectrum, where the Brillouin zone is shown in Fig. 1(c).
As shown in Fig. 2(a), there is no imaginary frequency
in the phonon dispersion near Γ point. It predicts that
the crystal structure of monolayer Cr2Ge2Se6 is stable.
To further check the crystal stability, we study
the formation energy of monolayer Cr2Ge2Se6 and
Cr2Ge2Te6 by DFT calculations. The formation energy
of Cr2Ge2Se6 is given by Eform = Etot− 2ECr− 2EGe−
6ESe, where Etot is the total energy of the 2D Cr2Ge2Se6,
and ECr, EGe and ESe are the total energy per atom for
the bulk chromium, germanium and selenium, respec-
tively. We found that the formation energy of monolayer
Cr2Ge2Se6 is -1.13 eV, lower than the 0.92 eV of mono-
layer Cr2Ge2Te6. It suggests that the 2D Cr2Ge2Se6
should be more stable than 2D Cr2Ge2Te6, the latter
was realized in recent experiment [6].
The electronic band structure of Cr2Ge2Se6 is shown in
Fig. 2(b). An indirect band gap of 0.748 eV is observed,
3FIG. 3. (a) Four possible sates for two-dimensional
Cr2Ge2Se6: ferromagnetic (FM) state, antiferromagnetic
(AFM) Ne´el state, AFM stripe state, and AFM zigzag state.
Balls denote Cr atoms, and arrows denote spins. (b) Total
energy as a function of angle θ for the FM state, obtained by
the spin-polarized GGA + SOC + U calculations.
and monolayer Cr2Ge2Se6 is a semiconductor. Recently,
it has been found that the change of the magnetization
direction can alter the band structures in 2D CrI3 [37].
In our case, we calculate the band structure of Cr2Ge2Se6
with the in-plane magnetization, and find that the band
structure does not change dramatically. In addition, we
uncover that a larger band gap of 1.38 eV is obtained by
using the HSE06 hybrid functional, whereas the profiles
of band structure do not change.
IV. MAGNETIC PROPERTIES
To study the magnetic ground state of 2D Cr2Ge2Se6,
we examine the possible states with paramagnetic, ferro-
magnetic and antiferromagnetic configurations. The cal-
culations reveal that the energy of the paramagnetic state
is 6 eV higher than the ferromagnetic and antiferromag-
netic sates. Fig. 3(a) shows four possible magnetic sates
of 2D Cr2Ge2Se6: ferromagnetic (FM) state, antiferro-
magnetic (AFM) Ne´el state, AFM stripe state, and AFM
zigzag state. The calculations show that the FM state is
the most stable state, and the energy difference between
the FM and the AFM configuration is more than 30 meV
as listed in Table I. Furthermore, as shown in Fig. 3(b),
the calculations show that the lowest energy of ferromag-
netic state is obtained when the magnetization direction
is perpendicular to the two-dimensional materials, with
magnetic anisotropy energy of 0.32 meV per unit cell of
Cr2Ge2Se6. As listed in Table I, the calculation shows
that for 2D Cr2Ge2Se6, the spin momentum of Cr atom
is 3.4 µB, and the occupation number of Cr 3d orbitals
is 3.976.
The Curie temperature T c can be estimated by the
Monte Carlo simulation based on a 2D Ising model. The
exchange coupling parameter is estimated as the total
energy difference of ferromagnetic and antiferromagnetic
states EAFM-EFM as listed in Table I, which was ob-
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FIG. 4. For two-dimensional Cr2Ge2Te6 and Cr2Ge2Se6 with
different strains, (a) the normalized magnetization as a func-
tion of temperature, and (b) the anomalous Hall conductivity
as a function of energy. The experimental result of Cr2Ge2Te6
is taken from Ref. [6]. The calculation results are obtained
by the DFT calculations and Monte Carlo simulations.
TABLE I. For 2D semiconductor Cr2Ge2Te6, Cr2Ge2Se6, and
Cr2Ge2Se6 with 5% strain, DFT results of total energy of fer-
romagnetic state EFM, total energy of antiferromagnetic state
EAFM, Curie temperature T c, 3d orbital occupation number
nd, spin (S) and orbital (L) momentum of Cr atom, and bond
length dCr−Te/Se .
DFT Cr2Ge2Te6
Cr2Ge2Se6
no strain 5% strain
EFM(eV) -89.1376 -97.3460 -96.5658
EAFM(eV) -89.1309 -97.3135 -96.4710
EAFM-EFM(meV) 6.7 32.5 98.8
T c(K) 30 144 421
nd(Cr) 4.043 3.976 3.951
S(µB)(Cr) 3.586 3.404 3.487
L(µB)(Cr) -0.018 -0.076 -0.105
dCr−Te/Se (A˚) 2.827 2.64 2.697
4tained by the DFT calculations. The obtained normal-
ized magnetization as function of temperature is shown
in Fig.4 (a). The experimental result of magnetiza-
tion for Cr2Ge2Te6 is taken from temperature-dependent
Kerr rotation of bilayer Cr2Ge2Te6 with T c = 28 K [6].
The calculated Curie temperature is T c = 30 K for the
monolayer Cr2Ge2Te6, which is close to the experimental
value. It is noted that for simplicity the Ising model is ap-
plied in our Monte Carlo simulation, while the Heisenberg
model with magnetic anisotropy was suggested in exper-
iment [6]. In addition, the estimated Curie temperature
T c could be even larger by using the mean field approxi-
mation [17]. The calculated Curie temperature for mono-
layer Cr2Ge2Se6 is T c = 144 K, which is about 5 times
higher than the T c = 30 K for monolayer Cr2Ge2Te6
by the Monte Carlo simulation. More interestingly, the
Curie temperature can be enhanced to T c = 326 K by ap-
plying tensile 3% strain, and T c = 421 K with 5% strain.
We find that T c is decreased to 67 K with 1% compres-
sion strain, as shown in Fig. 4(a), and the system be-
comes antiferromagnetic when applying 2% compression
strain. Our result predicts that monolayer Cr2Ge2Se6 by
applying a few percent tensile strain can be a promising
candidate for room-temperature ferromagnetic semicon-
ductor.
As the magnetization direction is out-of-plane with
an easy axis along c direction in 2D Cr2Ge2Te6 and
Cr2Ge2Se6, it is interesting to study the anomalous Hall
conductivity due to the Berry curvature of band struc-
ture. By the DFT calculations, the results are shown in
Fig. 4(b). The magnitude of anomalous Hall conductiv-
ity σxy for the p-type Cr2Ge2Se6 and n-type Cr2Ge2Te6
can be as large as 4 × 102 (Ω cm)−1. This value is com-
parable to the σxy in some ferromagnetic metals, such
as σxy = 7.5 × 10
2 in bcc Fe [27, 28], and σxy = 4.8 ×
102 (Ω cm)−1 in fcc Ni [29] due to the Berry curvature of
band structures. More importantly, the estimated σxy in
2D magnetic semiconductors Cr2Ge2Te6 and Cr2Ge2Se6
is an order of magnitude larger than the σxy of classic
diluted magnetic semiconductor Ga(Mn,As) [30, 31].
V. DISCUSSION
To study the effect of the on-site Coulomb interaction
U of 3d orbitals of Cr, we calculate the Curie tempera-
ture Tc as a function of parameter U for 2D Cr2Ge2Te6,
Cr2Ge2Se6 without strain and with 5% strain, as shown
in Fig. 5. The experimental Tc of 2D Cr2Ge2Te6 is taken
from Ref. [6]. For 2D Cr2Ge2Te6, the calculated Tc is de-
creased with increasing U, and close to the experimental
Tc with U = 4 eV. In addition, we found that the mag-
netization direction of Cr2Ge2Te6 becomes in-plane with
U = 1 eV, which disagrees with experiment. The antifer-
romagnetic ground state is obtained for Cr2Ge2Te6 with
U = 5 eV, which is also against with the experiment.
Our calculations suggest that the reasonable U for 2D
Cr2Ge2Te6 may be in the range of 2 ∼ 4 eV.
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FIG. 5. The Curie temperature Tc as a function of parame-
ter U for 2D Cr2Ge2Te6, Cr2Ge2Se6 without strain and with
5% strain. The experimental result of Cr2Ge2Te6 and the
calculations are the same in Fig. 4(a), except with different
values of U.
TABLE II. For 2D semiconductor Cr2Ge2Se6 witout strain
and with 5% strain, DFT results of hopping matrix element
|V | and energy difference |Ep −Ed| between 4p orbitals of Se
and 3d orbitals of Cr.
strain hopping matrix element |V | (eV)
pz-dz2 pz-dxz pz-dyz pz-dx2−y2 pz-dxy
0% 0.257983 0.29527 0.380283 0.190041 0.445906
5% 0.258289 0.22747 0.306872 0.201524 0.416315
energy difference |Ep − Ed| (eV)
pz-dz2 pz-dxz pz-dyz pz-dx2−y2 pz-dxy
0% 1.415092 0.4458 0.45512 0.581666 0.581166
5% 1.552237 0.09143 0.09775 0.695055 0.693946
For 2D Cr2Ge2Se6 with 5% strain, the calculated Tc
is always higher than room temperature with parame-
ter U in the range of 1 ∼ 4 eV, as shown in Fig. 5.
Thus, our prediction about the room temperature ferro-
magnetic semiconductor Cr2Ge2Se6 with a few percent
strain is robust with the values of parameter U.
How to understand the enhancement of T c in 2D
Cr2Ge2Se6 by applying strain? According to the superex-
change interaction [38–40], the FM coupling is expected
since the Cr-Se-Cr bond angle is close to 90 degree. The
indirect FM coupling between Cr atoms is proportional
to the direct AFM coupling between neighboring Cr and
Se atom. The magnitude of this direct AFM coupling
can be roughly estimated as J = |V |
2
|Ep−Ed|
, where |V | is
the hopping matrix element between 4p orbitals of Se
and 3d orbitals of Cr, and |Ep − Ed| is the energy dif-
ference between 4p orbitals of Se and 3d orbitals of Cr.
By DFT calculations, we can obtain these parameters
for 2D Cr2Ge2Se6 without strain and with 5% strain.
The results of |V | and |Ep − Ed| are listed in Table II.
The results suggest that the strain has little effect on the
5hopping |V |, while the strain can make energy difference
between pz orbital of Se and dxz and dyz orbitals of Cr
decreased to one-fifth of the value without strain, causing
a dramatical enhancement of the AFM coupling between
Cr and Se atom. This leads to the enhanced FM cou-
pling between Cr atoms, and makes Tc beyond the room
temperature.
VI. SUMMARY
By the DFT calculations we predict a stable 2D ferro-
magnetic semiconductor Cr2Ge2Se6. We find the Curie
temperature T c of Cr2Ge2Se6 can be dramatically en-
hanced beyond room temperature by applying 3% strain,
which is much higher than the T c = 28 K in 2D
Cr2Ge2Te6 in recent experiment. In addition, the anoma-
lous Hall conductivity in 2D Cr2Ge2Se6 and Cr2Ge2Te6
is predicted to be an order of magnitude larger than that
in diluted magnetic semiconductor Ga(Mn,As). Based
on the superexchange interaction, the decreased energy
difference between 4p orbitals of Se and 3d orbitals of
Cr is found to be important to enhance the Tc in 2D
Cr2Ge2Se6 by applying strain. Our finding highlights the
microscopic mechanism to obtain the room temperature
ferromagnetic semiconductors by strain.
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